ABSTRACT Light brown apple moth, Epiphyas postvittana (Walker), eggs were subjected to phosphine fumigations under normal atmospheric and elevated oxygen levels in laboratory-scale chamber experiments to compare their susceptibilities to the two different fumigation methods. In fumigations conducted under atmospheric oxygen at 5 and 10ЊC, egg survivorship decreased with increase in phosphine concentration but then increased at a concentration of 3,000 ppm; this increase was signiÞcant at 10ЊC. Based on egg survivorship data, phosphine fumigations conducted in a 60% oxygen atmosphere were signiÞcantly more effective than those conducted under atmospheric oxygen conditions. Oxygenated phosphine fumigations at 5 and 10ЊC killed all 1,998 and 2,213 E. postvittana eggs treated, respectively, after 72 h of exposure. These results indicate the great potential of oxygenated phosphine fumigation for the control of E. postvittana eggs.
E. postvittana adults usually lay egg masses on upper leaf surfaces (Mo et al. 2004) . Larvae feed on leaves and fruits causing defoliation, damaged fruit, and yield losses (Johnson et al. 2007 ). Currently, methyl bromide fumigation is required for E. postvittana on a number of fresh fruits exported from California, USA (Walse et al. 2013 ). However, the allowed quarantine and preshipment fumigation use of methyl bromide may not be sustainable in the future, and alternatives to methyl bromide fumigation are needed based on the Montreal Protocols. Some commodities such as lettuce and other vegetables are also susceptible to injuries and shortened shelf life from methyl bromide fumigation. There is a lack of effective and practical alternatives for the control E. postvittana on fresh commodities. For fresh vegetables and nursery products that are at risk of infestation or infested by E. postvittana, it will be necessary to control all life stages of E. postvittana, including eggs for their domestic distribution and export.
Phosphine has been used in postharvest pest control for over 80 yr. Phosphine is typically generated from metal phosphides with ammonia as a by-product, which is phytotoxic to fresh commodities. In recent years, cylindered phosphine that is free of ammonia has been used to control some pests on fresh fruits in Chile Horn 2004, Horn et al. 2005) . Low temperature fumigations (Ͻ5.0ЊC) with pure phosphine have also been shown to be safe and effective in controlling western ßower thrips on lettuce and other fresh commodities (Liu 2008a (Liu ,b, 2011a . However, thrips are relatively more susceptible to phosphine and require shorter treatment durations of Յ24 h com-USDA is an equal opportunity provider and employer. Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the USDA. pared with other insects (Hole et al. 1976; Karunaratne et al. 1997; Liu 2008a Liu ,b, 2011a Liu , 2012 . Longer phosphine fumigations of 48 h under 60% oxygen and of 72 h under the normal oxygen level effectively control the aphid Nasonovia ribisnigri but also cause injuries to lettuce (Liu 2012) . Research on the insecticidal efÞcacy and phytotoxicological impact of low temperature fumigation with phosphine is still very limited.
Phosphine acts slowly against insects as compared with other fumigants, and take over 10 d to achieve effective control of insects that are relatively phosphine tolerant (Howe 1974 , Hole et al. 1976 ). EfÞcacy of phosphine fumigation critically depends on exposure time as well as temperature. Fumigations at low temperatures take longer to control pests than at higher temperatures (Karunaratne et al. 1997 , Liu 2008a . Shorter treatments are often desirable for fresh products to reach markets faster and to increase throughput and efÞciency of fumigation facilities. It has long been known that oxygen is essential for phosphine toxicity against insects (Bond 1963 , Bond et al. 1967 , Kashi 1981 . Recently, higher oxygen levels were found to enhance phosphine toxicity, and oxygenated phosphine fumigations (fumigations under oxygenenriched atmospheres) were found to be signiÞcantly more effective than phosphine fumigations under the normal atmospheric oxygen level against different life stages of insects (Liu 2011b) . It is expected that oxygenated phosphine fumigation will also be more effective against E. postvittana eggs than phosphine fumigation under the atmospheric O 2 level. In this study, we determined susceptibility of E. postvittana eggs to phosphine fumigations under nonoxygenated and oxygenated atmospheres.
Materials and Methods
Insect. The APHIS strain of E. postvittana was collected from wild Santa Cruz County California populations in 2007 and reared at the USDAÐAPHISÐPlant Protection and Quarantine (PPQ)ÐCenter for Plant Health Science and Technology (CPHST) laboratory in Moss Landing, CA. The E. postvittana for these tests were reared on modiÞed Stewart pink bollworm calco red diet produced by the APHISÐPPQÐPink Bollworm (PBW) mass rearing facility in Phoenix, AZ (Stewart 1984) . Adult moths were kept in cages with a photoperiod of 16:8 (L:D) h cycle at an average of 23ЊC (range: 20.6 Ð25.1ЊC) and 76% relative humidity (RH; range: 50 Ð 87%). They were fed with 7.5% Sucrose on pads, and eggs were harvested from sheets of wax paper in the cages. Egg sheets were collected within 48 h and used for fumigation experiments immediately. They were cut into pieces containing 100 Ð200 eggs each based on visual estimation, and pieces were individually placed in plastic vials (3 cm in diameter by 7 cm in high). A piece of yellow sticky card was also suspended in each vial to catch neonates after they hatched from surviving eggs.
Chemicals. A fumigant sample with 1.6% (vol:vol) phosphine balanced with nitrogen in a compressed cylinder from Cytec Canada, Inc. (Niagara Falls, Ontario, Canada) was used for fumigation treatments. Commercial grade oxygen (Ͼ99.9%) in a compressed cylinder was obtained from a commercial source for the study.
Effect of Phosphine Fumigations on Egg Hatch. All fumigation treatments were conducted in 1.9-liter glass jars. The lid of each jar was Þtted with two quick-disconnect adaptors with locks (S-06361Ð34, Cole Parmer, Vernon Hills, IL). The vials with E. postvittana eggs were separated into groups based the numbers of treatments, and each group was sealed in a jar together with a vial containing moist paper towel (15 ml water) to keep air moist in the jar. All jars with E. postvittana eggs including controls were held overnight in respective constant temperature chambers set at experimental treatment temperatures (Ϯ0.5ЊC) before fumigations were conducted.
About one-half of atmospheric pressure (Ϸ380 mmHg) was Þrst established in each jar. Then an aliquot of 1.6% phosphine from a foil bag was injected into the jar with an airtight syringe inside a fume hood. A predetermined volume of oxygen was also injected into the jar to compensate for the lack of oxygen in the phosphine sample. Ambient air was then allowed to leak into the jar using a one-way valve with a minimal break-through pressure of 0.18 psi to balance the pressure in the jar. All jars were then held at respective treatment temperatures for the duration of the treatment.
Phosphine fumigations were conducted at 5, 10, and 15ЊC for 96 h to determine the feasibility of controlling E. postvittana eggs on fresh commodities. For the fumigations at 5ЊC, phosphine concentrations were 0 (control), 250, 500, 1,000, 1,500, 2,000, and 3,000 ppm. Each jar assigned to a given phosphine concentration at this temperature (treatment) had two to Þve vials containing E. postvittana eggs. Each treatment was replicated three to Þve times. These variations were because of variations in egg supplies at different dates. Phosphine concentrations for the fumigations at 10ЊC were 0 (control), 250, 500, 1,000, 2,000, and 3,000 ppm. Each jar assigned to a treatment had three vials in it, and each treatment was replicated three times. For 15ЊC, only three concentrations of 500, 1,000, and 1,500 ppm were tested, and each treatment was replicated two times. The controls at 10ЊC were used for fumigations at both 10 and 15ЊC. Eggs in two to four vials were included in each treatment in each test. In total, 40,080 eggs were used in all tests at the three temperatures.
Phosphine concentrations at the end of fumigation were measured with a HewlettÐPackard Agilent 6890N GC (Agilent Technologies, Santa Clara, CA) using a ßame photometric detector (FPD) as described previously (Liu 2012 ). Dilutions of the 1.6% phosphine sample from the compressed cylinder in foil bags were used as standards in phosphine measurements with GCÐFPD quantiÞcation. During fumigation tests, phosphine levels in all jars declined only slightly, and the average concentrations at the end of the tests were within 15% of the aforementioned target levels. At the end of fumigation, jars were vented in a fume hood. Vials containing treated and nontreated control eggs were then placed in an environmental chamber and held at 22 Ϯ 0.5ЊC and 90 Ð95% RH for Ն2 wk to allow surviving eggs to hatch. Neonates caught on the yellow sticky cards in the vials and unhatched eggs were then counted to determine egg hatch.
Effects of Oxygen Levels on Efficacy of Phosphine Fumigation. Phosphine fumigations were conducted under the normal (20.9%) atmospheric oxygen level and 60% (Ϯ1%) O 2 at 5ЊC for 72 h in 1.9-liter glass jars to determine effects on egg survivorship. The 60% O 2 level was established by releasing oxygen from the compressed cylinder into the jars at a ßow rate of 0.5Ð 0.8 liters/min according to the method of Liu (2011b) . An oxygen analyzer (Series 800, IL Instruments, Inc., Johnsburg, IL) was used to measure oxygen levels in the jars. Thereafter, the jars were returned to the 5ЊC chamber for 1 h before fumigation. A predetermined volume of air was removed from each jar and replaced with an equivalent volume of the phosphine from a foil bag source. The jars were then held in the chamber maintained at 5ЊC for 72 h. The rest of procedures were the same as described above. Phosphine concentrations tested were 0 (control), 250, 500, 1,000, 1,500, and 2,000 ppm. Each jar assigned to a given treatment had three to Þve vials containing E. postvittana eggs, and each treatment was replicated six times. In total, 46,911 eggs were used.
Effects of Temperature and Treatment Time of Oxygenated Phosphine Fumigation on Egg Hatch. E. postvittana eggs were fumigated with 1,000 ppm phosphine under 60% O 2 at 5 and 10ЊC for 0 (control), 40, 48, 56, 64 , and 72 h to determine the minimum treatment time for control of eggs. All fumigations were conducted in 1.9-liter glass jars, and procedures were the same as previously described. Each jar assigned to a given treatment had three to four vials containing E. postvittana eggs, and each treatment was replicated three times. In total, 25,043 eggs were used. Data Analyses. Egg hatch percentages were calculated for all treatments based on neonates and unhatched eggs. Relative egg hatch percentage was then calculated for each treatment within each test based on percentage hatch in the controls as: percent hatch for treatment/per percent hatch for control ϫ 100. The relative egg hatch percentages among different phosphine concentrations or treatment times were then transformed by arcsine ͱx before being subjected to one-way analysis of variance (ANOVA) and Tukey honestly signiÞcant difference (HSD) multiple range test for each temperature and oxygen concentration. Fit model platform of JMP 8 statistical discovery software was used for all statistical analyses (SAS Institute 2008).
Results
Phosphine fumigation treatments for 96 h did not achieve complete control of E. postvittana eggs at any of the concentrations tested at 5, 10, or 15ЊC (Table 1) . At 5ЊC, the relative egg hatch ranged from 3.8 to 18.5%, and there were no signiÞcant differences among the percentages (F ϭ 1.80; df ϭ 5, 74; P ϭ 0.124). There were signiÞcant differences in relative egg hatch for phosphine concentrations at 10ЊC (F ϭ 4.32; df ϭ 4, 40; P ϭ 0.005). Relative egg hatch showed a declining trend from the initial 23.0% at 250 ppm phosphine to 2.9% at 2,000 ppm, although there were no signiÞcant differences in egg hatch among concentrations. However, there was a signiÞcant increase in percentage egg hatch from 2.9 to 24.8% when phosphine concentration increased from 2,000 to 3,000 ppm (Table 1) . At 15ЊC, egg hatch percentages were Ͻ2% for all phosphine concentrations (F ϭ 0.50; df ϭ 2,13; P ϭ 0.617) ( Table 1) .
No eggs hatched after 72-h oxygenated fumigation with 2,000 ppm phosphine at 5ЊC (Table 2) . Oxygenated phosphine fumigation reduced relative egg hatch to Ͻ1.00% at all phosphine concentrations, and there were no signiÞcant differences among concentrations (F ϭ 1.39; df ϭ 4, 120; P ϭ 0.240). In contrast, 72-h phosphine fumigations under normal atmospheric oxygen, at 5ЊC, resulted in a decline in egg hatch from 36.0 to 16.2% for the lowest (250 ppm) to highest (2,000 ppm) phosphine concentrations, respectively, and there were signiÞcant differences in egg hatch among the Þve phosphine concentrations (F ϭ 4.53; df ϭ 4, 123; P ϭ 0.002; Table 2 ). Temperature had a marked effect on effectiveness of oxygenated fumigation using 1,000 ppm phosphine. At 5ЊC, signiÞcantly more eggs hatched after 40-h fumigation than after 48, 56, 64, and 72 h of fumigation (F ϭ 12.622; df ϭ 4, 50; P Ͻ 0.0001). Although no eggs hatched after 72-h fumigation, there was no signiÞcant difference in the latter four fumigation periods. At 10ЊC, all fumigations resulted in no egg hatch or nearly no egg hatch for all fumigation periods, and there was no signiÞcant difference in egg hatch percentages (F ϭ 0.751; df ϭ 4, 50; P ϭ 0.562; Table 3 ).
Discussion
Phosphine fumigation for 96 h at the normal atmospheric oxygen level reduced but did not completely stop hatching of E. postvittana eggs at 5, 10, or 15ЊC. Irrespective of treatment temperature, data suggest an optimal phosphine concentration in the 1,000 Ð2,000 ppm range for maximum effects on E. postvittana eggs in 96-h treatments. Further increases in phosphine concentration may result in reduced efÞcacy against E. postvittana eggs, as indicated by the signiÞcantly higher egg survival in the 96-h fumigation with 3,000 ppm phosphine than the fumigation with 2,000 ppm phosphine at 10ЊC. Karunaratne et al. (1997) reported lower mortalities of E. postvittana larvae at phosphine concentrations above 2,000 and 2,500 ppm for 4-and 6-h fumigations, respectively, and suggested that they were because of larvae being narcotized. Mortalities of E. postvittana larvae started to increase when phosphine concentrations were further increased above 6,000 and 8,000 ppm levels in the 4-and 6-h fumigations. Green peach aphid (Myzus persicae Sulzer) responded in a similar manner (Karunaratne et al. 1997) .
Narcosis and its effects in reducing phosphine toxicity were also reported in other insects. In cocoa moth, Ephestia elutella Hü bner, increased phosphine concentrations resulted in reduced mortalities of diapausing larvae (Bell 1979) . Narcosis leads to paralysis and was thereby hypothesized to reduce phosphine The relative hatches were transformed by arcsine ͱx before analysis of variance and compared among phosphine concentrations within each oxygen level using Tukey HSD multiple range test; those followed by the same letter were not signiÞcantly different ( uptake and phosphine-induced mortality (Qureshi et al. 1965; Nakakita et al. 1974; Bell 1979; Winks 1984 Winks , 1985 Nakakita 1987) . The fact that E. postvittana eggs responded similarly to phosphine as mobile stages of E. postvittana and other insects is of interest. This is the Þrst published report on reduced mortality of insect eggs in response to relatively high phosphine concentrations and needs to be conÞrmed in further studies. Oxygenated phosphine fumigation has potential for quarantine control of E. postvittana eggs as indicated by the zero survivorship of eggs in a 72-h fumigation at 60% O 2 and 2,000 ppm phosphine at 5ЊC and in a 40-h fumigation at 60% O 2 and 1,000 ppm phosphine at 10ЊC. There was just one survivor out of Ͼ2,200 eggs in each of the 48-and 64-h oxygenated phosphine fumigation treatments and no egg hatch in the 40-, 56-, and 72-h fumigations. Egg hatch for these three fumigation periods is likely nonrelated to treatment time, and its cause needs to be investigated in future studies. One possible cause is the likely overlap of egg masses, which may lead to insufÞcient exposure of eggs at the bottom to phosphine. Greater toxicity of oxygenated fumigation when compared with nonoxygenated fumigation found in the current study is consistent with previous Þndings on other insects such as grape mealybug and Indianmeal moth (Liu 2011b (Liu , 2012 . These studies indicate that oxygenated phosphine fumigation is a potentially effective means to control the egg stage of insects when phosphine fumigation at atmospheric oxygen levels is ineffective.
Other life stages of E. postvittana including pupa are much more susceptible to phosphine fumigation than eggs (Y.-B.L., unpublished data). Treatments that are effective against eggs can, therefore, be expected to control all life stages. It is generally accepted that respiration activities of insects are important for phosphine toxicity and that eggs in the early stages of development are more tolerant to phosphine than eggs in later stages, as they develop into pharate larvae (Howe 1974 , Bell 1976 , Hole et al. 1976 ). In the current study, E. postvittana eggs of Յ48 h old were used. If E. postvittana eggs have age-related tolerance to phosphine, eggs used in the study would be expected to be more tolerant of phosphine than eggs at a more advanced stage of development. Treatments that completely stopped E. postvittana egg hatch in this study will likely control E. postvittana at all developmental stages.
Oxygenated phosphine fumigation have shown good potential to control all life stages of various insects in laboratory studies, including E. postvittana eggs in the current study (Liu 2011b (Liu , 2012 . However its commercial use still faces obstacles because of perceived safety concerns, acceptance by regulatory agencies, and the added cost of oxygen gas. It has been demonstrated that high oxygen levels have a suppressive effect on phosphine ignition (Bond and Miller 1988, Ohtani et al. 1989) , implying that increased oxygen levels do not make phosphine more likely to ignite. Low temperature and high humidity storage requirements of fresh commodities also reduce Þre risks related to high-oxygen environments. The advantages of greater efÞcacy with signiÞcantly reduced treatment time and the ability to control certain insects that cannot be controlled by other fumigation treatments make oxygenated phosphine fumigation an attractive technique for postharvest pest control. This is especially the case for fresh commodities that are sensitive to treatment time, temperature, and potential impact on quality.
Because E. postvittana has become established in California and could potentially spread, there is a need for an effective postharvest quarantine treatment to safeguard domestic distribution and export of fresh commodities. Postharvest treatment for E. postvittana eggs may be required for certain horticultural products, such as leafy vegetables and propagated vegetative materials. This study demonstrated that oxygenated phosphine fumigation can attain 100% mortality of E. postvittana eggs, hence has the potential to be used for quarantine treatment of this pest. Further studies of oxygenated phosphine fumigation are warranted to determine treatment parameters for complete control of E. postvittana on different commodities and measure their potential impact on product quality.
